The decarboxylated thyroid hormone derivative 3-iodothyronamine (T1AM) has been reported as having behavioral and physiological consequences distinct from those of thyroid hormones. Here, we investigate the effects of T1AM on EEG-defined sleep after acute administration to the preoptic region of adult male rats. Our laboratory recently demonstrated a decrease in EEGdefined sleep after administration of 3,3′,5-triiodo-L-thyronine (T3) to the same brain region. After injection of T1AM or vehicle solution, EEG, EMG, activity, and core body temperature were recorded for 24 h. Sleep parameters were determined from EEG and EMG data. Earlier investigations found contrasting systemic effects of T3 and T1AM, such as decreased heart rate and body temperature after intraperitoneal T1AM injection. However, nREM sleep was decreased in the present study after injections of 1 or 3 μg T1AM, but not after 0.3 or 10 μg, closely mimicking the previously reported effects of T3 administration to the preoptic region. The biphasic dose-response observed after either T1AM or T3 administration seems to indicate shared mechanisms and/or functions of sleep regulation in the preoptic region. Consistent with systemic administration of T1AM, however, microinjection of T1AM decreased body temperature. The current study is the first to show modulation of sleep by T1AM, and suggests that T1AM and T3 have both shared and independent effects in the adult mammalian brain.
Introduction
Several recent discoveries have shed light on the function of thyroid hormones in the adult brain. Sleep disturbances and other neurological maladies in patients suffering from thyroid dysfunction have been repeatedly reported in clinical studies (Demet et al., 2002; Watt et al., 2006; Bauer, 2005a, 2005b) , but to date, results of behavioral and neurophysiological studies have been inconsistent (Browning et al., 1954; Carpenter and Timiras, 1982; Eastman and Rechtschaffen, 1979; Kales et al., 1967; Salin-Pascual et al., 1997) . However, recent data from our lab has shown that acute administration of the thyroid hormone 3,3′,5-triiodo-L-thyronine (T3) to the preoptic region reduced EEG-defined sleep in adult male rats Moffett et al., 2013) . By showing that acute T3 administration alters sleep, these recent studies from our lab provide a new approach to clarify earlier conflicting reports.
Detection of the thyroid hormone derivative 3-iodothyronamine (T1AM) in extracts of rodent brains (Scanlan et al., 2004) has also furthered interest in thyroid hormone action in the adult central nervous system. Localization of thyroid hormones within specific neuronal populations of the adult mammalian brain has been extensively described, but currently only limited data is available for T1AM (Dratman and Crutchfield, 1978; Dratman et al., 1976 Dratman et al., , 1982 Gordon et al., 1999; Rozanov and Dratman, 1996; Sarkar and Ray, 1994) . Initially it was suspected that T1AM was produced in the brain by aromatic amino acid decarboxylase (AADC) (Berry, 2004; Dratman, 1974; Piehl et al., 2008; Scanlan et al., 2004) , which produces dopamine and several trace amines from tyrosine and its analogues. Local production of T3 from thyroxine (T4) (Campos-Barros et al., 1997) , and further metabolism to the deaminated metabolites triiodothyroacetic acid (triac) and tetraiodothyroacetic acid (tetrac) (Rall et al., 1957) , have been described as occurring in the brain. However, recent studies show iodothyronines are not substrates for AADC (Hoefig et al., 2012) and there is no extrathyroidal conversion of T4 to T1AM (Hackenmueller et al., 2012) .
In contrast to T3, tetrac and triac, T1AM is reported as not binding to or interacting with thyroid hormone nuclear receptors (Koury et al., 2009; Scanlan et al., 2004) . However, thyroid hormones are known to alter neuronal processes and excitability independent of binding to nuclear receptors (Chapell et al., 1998; Dratman and Gordon, 1996; Martin et al., 1996 Martin et al., , 2004 Sarkar et al., 2006 Sarkar et al., , 2011 , and several mechanisms of T1AM action that might be potentially relevant to sleep regulation have been reported. T1AM activates the inhibitory metabotropic Trace Amine-Associated Receptor 1 (TAAR1) (Scanlan et al., 2004) and binds the α2A adrenergic receptor (Regard et al., 2007) , both of which are expressed in the preoptic region (Bucheler et al., 2002; Lindemann et al., 2008; Modirrousta et al., 2004) . Serotonin vesicular transporter (VMAT2) purified from rat synaptosomes and recombinant dopamine and norepinephrine plasma membrane transporters (DAT and NET, respectively) were also inhibited by T1AM (Snead et al., 2007) .
Behavioral and physiological effects of T1AM have also been reported recently, and these effects of T1AM should be considered alongside those of thyroid hormones and norepinephrine. In contrast to the hyper-activity observed in rats made chronically hyperthyroid (Emlen et al., 1972) , intraperitoneal (IP) injection of T1AM resulted in sudden behavioral changes including a decrease in activity (Dhillo et al., 2009; Scanlan et al., 2004) . Additionally, T1AM caused a drop in body temperature of up to 10 °C for several hours after an IP injection (Scanlan et al., 2004) . Injection of T1AM to the locus coeruleus (LC) resulted in an increase in firing of a subset of neurons (Dhillo et al., 2009; Gompf et al., 2010) . In contrast, hippocampal cells showed a rapid decrease in excitability upon local administration of T4 in anesthetized rats (Caria et al., 2009) . Administration of norepinephrine and norepinephrine agonists to the preoptic region rapidly decreased EEGdefined sleep (Mohan Kumar et al., 1986; Ramesh and Kumar, 1998; Ramesh et al., 1995) . Within minutes of injection of norepinephrine to the lateral ventricle, rats showed increased activity, and the increase was augmented in rats made chronically hyperthyroid by IP injection of T4 (Emlen et al., 1972) .
Electrophysiological, c-Fos and lesioning studies have shown that the preoptic region contains subsets of sleep-active neurons that are implicated in the regulation of sleep, including the median preoptic nucleus (MnPN), medial preoptic area, and ventrolateral preoptic nucleus (Gong et al., 2000; Gvilia et al., 2006; McGinty and Sterman, 1968; Modirrousta et al., 2004; Sterman and Clemente, 1968; Suntsova et al., 2002) . Innervation by the noradrenergic LC and expression of α2A adrenergic receptors in sleep-active neurons of the preoptic region suggests that this brain region might be sensitive to the noradrenergic receptor-mediated effects of T1AM; however, other mechanisms should not be ruled out. In this study, we explore the effect of administration of T1AM to the preoptic region of rats on EEG-defined sleep.
Materials and methods

Animals
Eight adult (8-12 weeks old) male Sprague-Dawley rats (Hilltop Lab Animals, Scottdale, PA) were housed individually and given food and water ad libitum. The temperature of the facility was maintained at 22.2-23.3 °C on a 12 hour light/12 hour dark cycle (lights on at 07:00). Rats were handled frequently prior to the start of the experiment to reduce the effects of stress and given at least 5 days post-surgical recovery. All procedures were approved by the Rutgers Institutional Animal Care and Use Committee (IACUC) in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Surgical procedure
Rats were anesthetized with 2.5% isoflurane using an EZ Anesthesia vaporizer apparatus (EZ Systems) at 2 L/min and placed in a stereotaxic device on a heating pad maintained at 37 °C. A Mini-Mitter transponder, which encodes temperature and activity data via radio communication with a receiver underneath the animal's cage, was inserted into the peritoneal cavity via a small ventral incision. Next, an incision was made in the scalp, the skull was exposed, and a stainless-steel screw EEG electrode (Plastics One E363-20) was inserted in each quadrant of the skull. Two Teflon-coated wires with stripped ends were inserted into the neck musculature to serve as EMG electrodes. The electrode sockets were inserted into an electrode pedestal (Plastics One MS363). A hole was drilled into the skull +0.5 mm medial-lateral and −0.2 mm dorsal-ventral, with respect to bregma, using a 0.0125″ drill bit. Two stainless steel guide cannulae were inserted −7.1 mm dorsal/ventral with respect to the surface of the skull and 1 mm apart from each other. Electrodes and cannulae were secured with dental acrylic and a topical antibiotic ointment was applied to the periphery of the surgical site.
Experimental procedure
The current study was carried out over 4 weeks, during which 4 dosages of T1AM were administered, with animals individually receiving 1 randomly-selected dosage per week. The administrations of T1AM were at least one week apart. On the first day of each week of the study, animals were housed in individual chambers in an electrically-isolated, soundattenuated facility for 24 h under the same light/dark schedule prior to the experimental procedure. On the second day of each week, rats were injected with vehicle solution (aCSF: 0.25 mM Na 2 HPO 4 , 0.5 mM NaH 2 PO 4 , 0.4 mM MgCl 2 , 0.65 mM CaCl 2 , 3 mM KCl, 128 mM NaCl, 25 mM NaHCO 2 , pH =7.4), supplemented with 2% v/v DMSO). A total of 0.5 μL was injected over 2 min, with 0.25 μL injected in each cannula. On the third day of each week of the study, rats were bilaterally injected with a total of 0.3, 1, 3, or 10 μg T1AM dissolved in vehicle. All injections were made approximately 2 h into the light phase of the cycle (09:00, or ZT 2), while the animal was quietly restrained.
After injection, animals were returned to their individual cages and connected to a multichannel amplifier (Grass Instruments Model 15) via a shielded cable leading through a multichannel commutator (Plastics One SL6C). EEG and EMG were digitized using a data acquisition unit (CED Micro 1401) and recorded for 24 h following each injection using Spike2 Software. Locomotor activity and core body temperature were measured continuously using a Mini-Mitter receiver placed under each chamber and recorded with VitalView software.
Data analysis
EEG and EMG data were analyzed offline by a trained researcher unaware of experimental conditions. Each 24-hour record was evaluated in 30-second epochs after a 1-30 Hz band pass filter and a notch filter at 20 Hz was applied, and a state of arousal (nREM, REM, or Awake) was assigned according to standard criteria . Temperature and activity data were registered in one-minute intervals. Data were included only after histological confirmation of cannula placement (Fig. 1) according to a rat brain atlas (Kruger et al., 1995) . Although placement of cannula injection tips centered around the MnPN, injection sites are conservatively referred to as being in the "preoptic region", due to the significant radius of diffusion from the cannulae (Lohman et al., 2005) .
Statistical analysis
Data were analyzed in 1-hour bins using a 2-way analysis of variance (ANOVA) on GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, California, USA, www.graphpad.com). Each 2-way ANOVA compared the effect of the vehicle injection to a dose of T3 as one factor and time after injection as a second factor. Temperature and activity data were normalized to account for placement of the Mini-Mitter in each animal. Body temperature was normalized in relation to the average maximal and minimal temperatures. Activity for each rat was normalized, with 100% corresponding to maximal observed activity and 0% corresponding to minimal observed activity for each experimental week.
Some rats detached their cables or lost their headsets on a particular day, so experimental data were compared to combined control data.
Results
Acute microinjection of 3 μg T1AM to the preoptic region resulted in a change in the power spectrum corresponding to increased low-frequency power and theta in EEG-defined wakefulness, as shown in Fig. 2 . The rats also showed significantly higher sleep fragmentation in the 10 h following injections of T1AM than after injection of the vehicle solution alone (Fig. 3) . The bout length for vehicle-injected controls was 161.1 ± 2.8 s (mean ± SEM), while the bout length following experimental injections was 143.8 ± 2.8 s. A two-tailed T-test indicated a significant difference of P < 0.0001 between groups (T = 4.3, df = 5245).
Microinjections of T1AM to the preoptic region also resulted in a biphasic reduction of nREM sleep (see Fig. 4 and Table 1 ). A 2-way ANOVA showed a significant effect of T1AM injection at doses of 1 and 3 μg (P < 0.01, F(1522) = 6.82, ; P < 0.01, F(1487) = 6.75, , respectively), but not at 0.3 or 10 μg (P < 0.68, F(1546) = 0.17, ; P < 0.89, F(1498) = 0.02, , respectively). Figs. 4B and C show that this decrease in sleep was most apparent within the first 8 h of injection. However, no significant interaction between time and injection of T1AM was noted and no significant differences were noted in Bonferroni's post-hoc test. Significant diurnal variation was observed in nREM sleep (P < 0.01 and ) for all dosages 0.3, 1, 3, and 10 μg T1AM, respectively.
In addition to the decrease in nREM sleep, there was a complementary increase in wakefulness (see Fig. 5 ). A significant effect of T1AM was observed after injection of 1 and 3 μg (P < 0.04, F(1546) = 4.41, ; P < 0.02, F(1463) = 5.47, , respectively), but not at 0.3 or 10 μg T1AM (P < 0.96, F(1546) = 0.00, ; P < 0.81, F(1498) = 0.06, , respectively). The change in wakefulness was most apparent for the first 8 h post-injection (Figs. 5B, C) . Again, significant diurnal variation in waking behavior was observed for all groups (P < 0.01 and ) for all dosages 0.3, 1, 3, and 10 μg T1AM, respectively, but no significant interaction between T1AM injection and time was noted and no significant differences were noted in Bonferroni's posthoc test.
No significant change in REM sleep was observed (Fig. 6) . For each group, there was a significant diurnal variation in REM sleep (P < 0.01 and ) for all dosages, 0.3, 1, 3, and 10 μg T1AM, respectively, but there was no interaction between effects of injection of T1AM and time. We performed Bonferroni post-hoc tests on the data, which did not reveal significant differences at any individual time point.
After injection of 1 or 10 μg T1AM (Figs. 7B and D) , there was a significant change in normalized body temperature (P < 0.01, F(1720) = 7.92, ; P < 0.01, F(1696) = 15.49, , respectively). The most apparent decrease in body temperature was observed 8 h after injection of 10 μg T1AM, but it did not reach significance (Fig. 7D) . A significant change in body temperature over time was observed after injection of 1 or 3 μg T1AM (P < 0.03, F(23,720) = 1.67, ; P < 0.04, F(23, 696) = 1.60, , respectively). However, there was no significant interaction of the effects of injection of T1AM and time.
As shown in Fig. 8 , doses of 0.3 and 3 μg T1AM caused an increase in normalized activity detected by the Mini-Mitter (P < 0.01, F(1743) =8.18, ; P < 0.01, F(1743) = 6.98, ). A trend towards a decrease in activity was observed in the first 5 h following injection of 10 μg T1AM, but this did not reach statistical significance (P < 0.08, F(1719) =
3.10,
). For all animals, statistically significant diurnal variation in activity was noted (P < 0.01 and ) for all dosages, 0.3, 1, 3, and 10 μg T1AM respectively, but there was no significant interaction between injection of T1AM and time.
Discussion
Previous reports of single-dose T1AM action suggested that the effects were generally opposite to those of thyroid hormones. Specifically, T1AM decreased body temperature, heart rate, and activity (Scanlan et al., 2004) . Our lab has previously shown that administration of T3 to the preoptic region reduced EEG-defined sleep Moffett et al., 2013) . According to these and other data, the preoptic region would be predicted to be sensitive to the effects of T1AM, and T1AM would increase sleep in adult male rats. Although the concentration of T1AM should have been greatest at the MnPN, and it would be reasonable to assert the effects described here were due to changes in MnPN activity, we cannot exclude action of T1AM at other nearby sites and consequently consider the actions of T1AM more inclusively as occurring within the preoptic region. In contrast to our prediction, T1AM decreased EEG-defined sleep when administered to the preoptic region. Interestingly, reduced sleep was observed after injection of 1 or 3 μg T1AM, but not 0.3 or 10 μg, consistent with dose-response profile observed after T3 microinjection to the same brain region Moffett et al., 2013) . The inverted U-shaped magnitude of effect of T1AM on sleep behavior is also mirrored by T3 effects on neuronal protein phosphorylation (Sarkar et al., 2006 (Sarkar et al., , 2011 . It is unlikely that local production of T1AM from T3 is the source of the similar activity of these agents because recent work has shown that T1AM is not produced from extrathyroidal T4 whereas T3 is, implying that extrathyroidal T3 is also not a biosynthetic precursor to T1AM (Hackenmueller et al., 2012) . Instead, our results suggest that T1AM and T3 have some shared targets and/or actions that result in changes in sleep behavior. The results of this study are part of a growing body of evidence showing that thyroid hormones and their derivatives have functions in the developed central nervous system and potentially modify behavior.
Although IP injection of 50 mg/kg T1AM caused a decrease in activity in mice (Dhillo et al., 2009; Scanlan et al., 2004) , the administration of 0.3 and 3 μg T1AM to the preoptic region resulted in an increase in activity in the current study. Mice made chronically hyperthyroid by IP injection of T4 and rats acutely microinjected with T3 or norepinephrine to the preoptic region all showed an increase in activity (Emlen et al., 1972) . It is, of course, possible that T1AM has different actions in different brain regions. Effects on multiple brain sites after IP injection might result in distinct behavioral outputs. In addition, the dose used in Scanlan et al. (2004) was quite high, and the behavioral inhibition described in that study might therefore be attributed to an "inverted U" type of dose-response curve, such as seen after amphetamine administration (Glick and Muller, 1971) .
Consistent with the results of Scanlan et al. (2004) , T1AM decreased body temperature in the current study. Again, the quantity of T1AM administered by Scanlan et al.'s (2004) study, 50 mg/kg body weight administered IP, was significantly greater than the quantities injected in the present study (although injected by a different route), which might account for the less dramatic change in body temperature seen in the current work. Norepinephrine has also been shown to decrease body temperature when administered to the preoptic region, and there is evidence that this is mediated through α2 adrenergic receptors (Day et al., 1979) Since it has been proposed that T1AM can have some of its actions through noradrenergic mechanisms (Regard et al., 2007) , it is possible that the decrease in body temperature observed in the current study was due to T1AM action on noradrenergic systems of the preoptic region. Furthermore, TAAR1 knockout mice exhibited hypothermia due to IP injection of T1AM and other TAAR1 agonists, suggesting that the change in body temperature observed in the current study is not due to effects mediated by the TAAR1 receptor (Panas et al., 2010) .
The preoptic region has thermoregulatory functions and a relationship between body temperature and sleep behavior has been observed (McGinty and Szymusiak, 1990) . Physiological and behavioral changes, such as shivering or vasodilation, due to local temperature changes, glutamate administration, or electrical stimulation have suggested a role of the preoptic region in thermal homeostasis (Satinoff, 1964; Zhang et al., 1995) . Furthermore, local warming of the preoptic region has been reported to induce sleep in cats (Roberts and Robinson, 1969) . In addition, elevated ambient temperature increased the number of sleep-active c-Fos immunoreactive neurons in the MnPN (Gong et al., 2000) . Indeed, the MnPN is thought to integrate information about thermal homeostasis and temperature-dependent changes in neuronal firing rates have been observed within the MnPN (Travis and Johnson, 1993) . In this current study, however, no change in percent of time in nREM sleep was observed after injection of 10 μg T1AM, but the most apparent change in body temperature was observed following that dose. Other evidence indicates dissociation between thermal and sleep regulation in the preoptic region. No temperaturedependent changes in firing rates were reported after single-unit recordings of sleep-active neurons in the MnPN (Suntsova et al., 2002) . Conversely, triazolam increased sleep without significantly changing body temperature when administered to the preoptic region (Mendelson and Martin, 1992; Mendelson et al., 1989) . The current findings indicate that the preoptic region mechanisms for lowering of body temperature do not necessarily increase nREM sleep.
Several decades ago, Dratman (1974) posited that thyroid hormones might have an interaction with noradrenergic systems and speculated as to the existence of a decarboxylated thyroid hormone derivative. Approximately 30 years later, Scanlan et al. (2004) discovered T1AM, a decarboxylated thyroid hormone derivative, in rodent brain extracts. Further confirming Dratman's predictions, T1AM has been shown to activate α2A adrenergic receptors (Regard et al., 2007) . It is not yet clear whether T1AM has any interaction(s) with the GABA A receptor or other nongenomic modes of thyroid hormone action. Our results make it seem likely, however, that thyroid hormones and T1AM share common pathways or mechanisms in the adult brain to produce similar behavioral consequences. Like thyroid hormones, several potential mechanisms of T1AM action in adult brain have been proposed, so the behavioral and physiological effects described here might be due to one or more independent or interacting mechanisms within the preoptic region. Though other groups have reported changes in CNS-derived behavior due to T1AM, the present study is the first to document the effects of T1AM on EEG-defined sleep. Eight rats were histologically confirmed to have cannula tips within the preoptic region and centered in the median preoptic nucleus (MnPN). Each number points to the two cannula terminae. Other structures are indicated by the abbreviations ac (anterior commissure), Bst (bed nucleus of the stria terminalis), MP (medial preoptic area), PS (parastrial nucleus), LPO (lateral preoptic area), DB (diagonal band of Broca), MaPo (magnocellular preoptic nucleus). Power spectra of consciousness state over a 4-hour period following representative vehicle and 3 μg T1AM injection to the preoptic region. Each sleep parameter was analyzed over multiple 30-second epochs. EEG signals were pre-processed with a notch filter at 19.5-20.5 Hz and low-pass filter set to remove any noise above the 30 Hz level. Non-REM sleep bout length after vehicle injection and after T1AM injection. NREM sleep bout length was analyzed and found to be significantly different between vehicle and a combination of all T1AM treatments. NREM sleep bout length after control injection to the preoptic region was found to be longer than after T1AM injections. Percentage of mean nREM sleep for each 1 hour period after administration of vehicle (solid black line) or T1AM (red dashed line) to the preoptic region of adult male rats. Black bar on x-axis denotes 12-hour dark phase of light cycle and error bars denote standard error of the mean (SEM). Doses of 1 and 3 μg T1AM, panels B and C, caused statistically significant changes in nREM sleep (two-way ANOVA, n = 5, n = 4, respectively). Diurnal variation in nREM sleep was noted, but there was no interaction between the effects of time and T1AM treatment. Percentage of mean time awake for each 1 hour period after administration of vehicle (solid black line) or T1AM (red dashed line) to the preoptic region of adult male rats. Black bar on x-axis denotes 12-hour dark phase of light cycle and error bars denote standard error of the mean (SEM). Doses of 1 and 3 μg T1AM, panels B and C, caused statistically significant changes in time awake (two-way ANOVA, n = 5, n = 4, respectively). Diurnal variation in time awake was noted, but there was no interaction between the effects of time and T1AM treatment. Percentage of mean REM sleep for each 1 hour period after administration of vehicle (solid black line) or T1AM (red dashed line) to the preoptic region of adult male rats. Black bar on x-axis denotes 12-hour dark phase of light cycle and error bars denote standard error of the mean (SEM). No significant effect of T1AM on REM sleep was observed. Diurnal variation in REM sleep was noted, but there was no interaction between the effects of time and T1AM treatment. Mean normalized core body temperature for each 1 hour period after administration of vehicle (solid black line) or T1AM (red dashed line) to the preoptic region of adult male rats. Black bar on x-axis denotes 12-hour dark phase of light cycle and error bars denote the standard error of the mean (SEM). Significant change in body temperature was observed after injection of 1 or 10 μg T1AM (B and D) (two-way ANOVA, n = 6, n = 7, respectively). Diurnal variation in body temperature was noted only after doses of 1 or 3 μg T1AM (two-way ANOVA, n = 7, n = 6, respectively) but no interaction between the effects of time and T1AM treatment was found. Normalized activity counts for each 1 hour period after administration of vehicle (solid black line) or T1AM (red dashed line) to the preoptic region of adult male rats. Black bar on x-axis denotes 12-hour dark phase of light cycle and error bars denote standard errors of the mean (SEM). Significant change in locomotor activity was observed after injection of 0.3 or 3 μg T1AM (A and C) (two-way ANOVA, n = 7, n = 7, respectively). Significant diurnal variation in body temperature was noted after each dose of T1AM (two-way ANOVA) but no significant interaction between the effects of time and T1AM treatment was found. 
